The products of the bvgAS locus activate expression of a majority of the known Bordetefla virulence factors but also exert negative control over a class of genes called vrg genes (bvg-repressed genes). BvgAS negatively controls the production of flagella and the phenotype of motility in Bordetefla bronchiseptica. In this studyJfA, the flagellin gene, was cloned and characterized to facilitate studies of this negative control pathway. An internalfaA probe detected hybridizing sequences on genomic Southern blots ofBordetefla pertussis, BordeteUa parapertussis, and Bordetefla avium, although B. pertussis and B. parapertussis are nonmotile. FlaA is similar to the FliC flagellins ofSalmonella typhimurium and Escherichia coli, andflaA complemented an E. coli flagellin mutant. Insertional inactivation of the chromosomal flaA locus eliminated motility, which was restored by complementation with the wild-type locus. Analysis offlaA mRNA production by Northern (RNA) blotting and primer extension indicated that negative regulation by BvgAS occurs at the level of transcription. The transcriptional start site offlaA mapped near a consensus site for the alternative sigma factor, cF, encoded by fliA in E. coli and S. typhimurium. Consistent with a role for aflL4 analog in B. bronchiseptica, transcriptional activation of aJfaA-lacZ fusion in E. coli requiredfli4 and aflaA-linked locus designatedfrl.frl also efficiently complemented mutations in the flagellar master regulatory locus,flhDC, ofE. coli. Our analysis of the motility phenotype of B. bronchiseptica suggests that the Bordetefla virulence control system mediates transcriptional control offaA through a regulatory hierarchy that includes thefrl locus and an alternative sigma factor. 0.5% yeast extract, and 1% NaCl) (Difco Laboratories, Detroit, Mich.). Additions to media after autoclaving where indicated were at the following concentrations: 40 mM MgSO4, 10 mM nicotinic acid, 25 ptg of gentamicin per ml, 20 58 This study Stratagene 16 67 63 Pharmacia
The BvgAS signal transduction system mediates a morphogenic program involving coordinate regulation of virulence genes as well as alterations in cell shape, surface structures, and colony morphology (3, 43, 44, 73) . This program is observed as a biphasic transition in members of the genus Bordetella (1, 11, 30, 36) . These organisms are gram-negative aerobes which colonize primarily the upper respiratory tracts of humans and other animals. Bordetella pertussis produces whooping cough in humans (73) , and Bordetella bronchiseptica is a common commensal that also causes disease in wild and domesticated animals (23) . Genetic, molecular, and phenotypic analyses indicate that these two species are closely related (2, 29, 50) and that both species express functionally interchangeable alleles of bvgAS (49) .
Environmental signals, including sulfate anion, nicotinic acid, and growth at low temperature, specifically modulate the activity of the BvgS protein (43, 45) . Current models of Bvg function suggest that BvgS phosphorylates BvgA (3, 43, 65, 68) , which then binds to specific DNA sequences to regulate transcription (55, 56) . In the Bvg' phase the BvgAS system is active, resulting in the expression of vag genes (bvg-activated genes) and the repression of other genes designated vrg genes (bvg-repressed genes) (30) . The vag loci encode an array of products, including potential adhesins such as filamentous hemagglutinin (FhaB) and pili (53, 74) , an adenylate cyclase toxin with hemolytic activity (20, 24) , pertussis toxin (25) , dermonecrotic toxin (39) , and pertactin, an adhesin (13, 31, 37) . These factors, with the exception of pertussis toxin, are expressed in both B. * Corresponding author. bronchiseptica and B. pertussis. Deletion of bvgAS or modulation of BvgAS by environmental signals induces the Bvgphase. In this phase vag genes are not induced and vrg loci are expressed. Loss of expression of certain vag loci abrogates virulence (72) . The role of vrg loci in virulence is not as well defined. However, a TnphoA insertion in vrg-6 reduces colonization of mice by B. pertussis, suggesting that pathogenesis also requires factors that are negatively controlled by bvgAS (10) .
Analysis of diverse Bvg-regulated phenotypes suggests that the Bordetella virulence regulon includes multiple regulatory inputs. BvgAS has been implicated as a direct activator of the flaB and bvgPl promoters, while Bvgmediated activation of the pertussis toxin operon and the adenylate cyclase toxin gene appears to require additional factors (22, 24, 27, 45, 46, 57) . Furthermore, Beattie et al. (8, 9) have proposed that bvgAS regulates vrg-6 in B. pertussis by a mechanism involving sequences downstream of the promoter.
We recently reported that Bvg negatively controls motility in B. bronchiseptica (1) . Studies of systems that control motility in other organisms indicate that flagellar genes are usually transcribed as a hierarchical unit regulated by a global control locus. In Salmonella typhimurium and Escherichia coli (5, 7, 34, 62) , a transcriptional control factor, cyclic AMP (cAMP) receptor protein, mediates a response to nutrient limitation and initiates a transcriptional cascade of flagellar genes. Caulobacter crescentus motility control involves a currently unknown coupling mechanism between spatially organized gene expression and cell cycle-dependent synthesis of flagella (21, 51) . Control over a large number of structural genes by a small number of key regulatory factors represents a common feature of these systems. thi thr leu tonA lacYsupE recA::RP4-2-Tc::Mu (Xpir R6K) Kmr F-hsdRl7 supE44 thi-I recAl gyrA rel4l A(argF-lac)U169 +80dlacZAM15 X-F-araD139 A(argF-lac)U169 rpsLS50 relAl flhD5301 deoCi ptsF25 rbsR X-MC4100 recAl araDl39 A(argF-lac)U169 rpsL thi nalA thyA pyrC46 his X-YK410fliA YK410 flhD YK410fhC YK410fliC 48 BRL BamHI-BglII subclone of pBA10 containing a deletion at the KpnI site inflaA; Fig. 1 BamHI-SnaBI subclone of pBA10; Fig. 1 BamHI-AflhI subclone of pBA10; Fig. 1 flaA-internal PstI-KpnI fragment in PstI-HindIII sites of pSS1129
SacII-SnaBI fragment containing flaA in EcoRI of pRK290; Fig. 1 14-kb EcoRI fragment from pBA10 in pRK290; Fig. 1 flaA' SacII-PstI fragment in pRS550 pTRC99A containing the AflII-SnaBI fragment containing flaA pJM655 with flaA in the opposite orientation X lacZYA fusion vector for recombination with pRS plasmids containing transcriptional fusions; bla-'lacZYA imm2l inde Ap5 KmS XRS45 x pJMflaA-Z recombinant; Kmr This study addresses the mechanism of vrg gene regulation by BvgAS. Our approach involves the characterization of both positive and negative regulators of flagellin gene expression in order to determine the level at which Bvg exerts negative control. We have cloned, characterized, and investigated the distribution of the flagellin gene, flaA, in Bordetella spp. Analysis of the transcriptional regulation of flaA established bvgAS as a negative regulatory locus. We investigated similarities and differences between motilityassociated genes of B. bronchiseptica and E. coli by using complementation of flagellar mutants. In E. coli the flagellin gene encodes the primary constituent of the filament structure. Flagellin represents a late component of the hierarchy and requires early genes for its expression (14, 32, 35, 52) . The use of flaA as a reporter gene in E. coli has allowed the identification of two transcriptional activators of flaA that represent potential targets of BvgAS-mediated negative control.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids are described in Table 1 (58) and immobilized by UV irradiation in a Stratalinker (Stratagene, La Jolla, Calif.). Colonies were lifted onto Hybond-N membranes (Amersham) and lysed, and DNA was then immobilized in a Stratalinker. Hybridizations with degenerate oligonucleotide probes labeled to an approximate specific activity of 3 x 107 cpm/lig with [y-32P]ATP and T4 polynucleotide kinase were conducted according to the procedure of Wood et al. (75) except that 0.5% sodium dodecyl sulfate (SDS) was added to the hybridization buffer to reduce nonspecific binding to nylon membranes. Probes FN24 and FN27 were degenerate oligonucleotides based on the previously determined N-terminal amino acid sequences of flagellin in B. bronchiseptica (VAQN NLNK and MAAVINTNY, respectively). Hybridizations with oligonucleotides were conducted at 37°C. Washes were conducted at 45 to 55°C in the presence of 3 M tetramethylammonium chloride as described previously (75) . Doublestranded DNA probes for hybridization analysis were isolated from low-melting-point agarose, denatured, and radiolabeled with [ot-32P]dATP to specific activities of approximately 2 x 107 cpm/jig by using the Random Primers DNA Labeling System (BRL). Hybridizations with [a-32P] dATP-labeled heterologous probes were conducted at 55°C as described previously (58) . Membranes were washed at 55°C in 0.1x SSC with 0.1% SDS (0.1x SSC is 15 mM NaCl plus 1.5 mM sodium citrate). dATP. Labeling reactions were conducted at 4°C, which seemed to improve polymerase processivity over GC-rich regions. Double-stranded DNA templates were denatured with NaOH. Acrylamide gels containing 4 to 20% formamide were used to resolve gel compression artifacts. Deletions were made in DNA subcloned from pBA10 into pBKS+ (Stratagene), using exonuclease III and mung bean nuclease (26) . Subclones were sequenced with primers (Promega) complementary to the T7 and T3 sites in Bluescript. Custom primers were synthesized by an Applied Biosystems model 470B automated DNA synthesizer (Applied Biosystems, Foster City, Calif.), purified by oligonucleotide purification cartridge chromatography (Applied Biosystems), and used in addition to subclones to obtain sequences of both strands for the majority of the gene. Sequences were analyzed with the University of Wisconsin sequence analysis software (15) . A potential terminator was identified by using the TERMINA-TOR program (12) .
RNA analysis. Total cellular RNA was isolated from mid-logarithmic-stage cultures of B. bronchiseptica by the hot-phenol method as described previously (70) . Doublestranded probes for Northern (RNA) hybridizations were prepared as described above. Electrophoresis of RNA and Northern hybridizations were conducted as described previously (58) . Oligonucleotides used for primer extension assays (Bvg-P, 5'-GAGGACTITGTTGTACATG; BAO10, 5'-CCAGCGACAAGTAGTTGG; BAO3, 5'-CAGGTTGTTCT GGGCAAC; and BAO5, 5'-GTGAAGTTCGGAAATGTG) were purified as described above and end labeled with T4 polynucleotide kinase. Reaction conditions were as follows. RNA (10 jig) was annealed to approximately 1 ng of each radiolabeled primer for 1 h at 440C in PE buffer (0.25 M KCl and 10 mM Tris [pH 8 .0]), and extensions with Moloney murine leukemia virus H+ reverse transcriptase (BRL) were conducted at 440C after the addition of 0.8 volume of RT buffer (25 mM KCl, 50 mM Tris [pH 8.3], 10 mM dithiothreitol, 3.5 mM MgCl2, 0.5 mM each deoxynucleoside triphosphate, and 0.1 mg of bovine serum albumin per ml). The products were concentrated by ethanol precipitation and boiled in 30 mM NaOH prior to electrophoresis. The product from 3 jig of RNA was loaded in each lane.
Detection of flagellin. Cell surface-associated flagellin was detected by immunoblotting with monoclonal antibody 15D8 as previously described (1, 18) . Briefly, B. bronchiseptica grown overnight on Bordet-Gengou plates containing 10 mM nicotinic acid was suspended in phosphate-buffered saline at 4°C, and flagella were sheared from cells by vortexing for 30 s. Cells were removed by two sequential centrifugations at 10,000 x g. Proteins in the cell-free supernatants were concentrated by trichloroacetic acid precipitation, and amounts equivalent to an optical density of 1.5 at 600 nm were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (10% polyacrylamide). To confirm equal loading, total protein was visualized by Coomassie staining as previously described (1) .
Construction of chromosomal fla-lacZ fusions. A SacII-
BamHI fragment containing the SacII-PstI 5' of the flagellin gene, including the first codon, was obtained from pBA45. The cohesive ends were removed with T4 DNA polymerase prior to the ligation of phosphorylated BamHI linkers to the blunt ends. This fragment was cloned into the BamHI site of pRS550 (Table 1 ) and screened for the orientation consistent with the direction offlaA transcription to create pJMflaA-Z. The flaA-lacZ fusion was then transferred onto XRS45 by in vivo homologous recombination in MC4100 ( Table 1 ). The recombinant phage XflaA-Z was used to lysogenize E. coli YK4104 and YK410. These lysogens were then transformed with either pBRX1 or pBA66. Cells were harvested in the mid-logarithmic stage, and 0-galactosidase assays were performed as described by Miller (47) . Three independent samples were measured in duplicate experiments.
Nucleotide sequence accession number. The DNA sequence data described in this paper have been deposited in GenBank with the accession number L13034. Table 1 . Complementation offlhC and flhD mutations resulted in efficient swarming (+), and complementation of the E. coli fliC mutant generates a bushy swarm phenotype (+ *). In all cases, vector plasmids did not complement motility mutations. Restriction sites: E, EcoRI; BH1, BamHI; S2, SacII; A2, AflII; P, PstI; K1, KpnI; SB1, SnaBI; B2, BglII.
RESULTS
Isolation of theflaA gene. To isolate the B. bronchiseptica flagellin gene, we designed two nonoverlapping degenerate oligonucleotides based on the previously determined N-terminal amino acid sequence of the protein (1). These probes, FN24 and FN27, detected a major common band and several weakly hybridizing bands unique to each probe on Southern blots of genomic DNA digested with BamHI, EcoRI, or BglII (data not shown). The common band in EcoRI-digested chromosomal DNA from strain GP1SN was approximately 14 kb. Restriction fragments in this size range were isolated and cloned into pBR322. Plasmid pBA10 containing a single 14-kb EcoRI insert ( Fig. 1 ) was isolated from this library on the basis of hybridization to FN27 and subsequent confirmation with FN24.
FN27 hybridized to a single 260-bp PstI fragment on Southern blots of pBA10 (shaded in Fig. 1 ). Southern hybridization of FN27 to pBA10 digested with five additional restriction enzymes detected only one hybridizing fragment in each digest (data not shown). The 260-bp PstI fragment was subcloned and sequenced. The predicted amino acid sequence corresponded exactly to the N-terminal amino acid sequence of the flagellin protein expressed by GP1SN (1). The cloned gene is designated flaA.
DNA sequence of JlaA. The complete DNA sequence of flaA was determined to facilitate an analysis of its regulation and role in pathogenesis. Sequence analysis (Fig. 2 ) revealed a 1,173-nucleotide open reading frame predicted to encode a protein of 391 amino acids with a molecular mass of 40.5 kDa. This is consistent with the estimated size of the GP1SN flagellin (40 kDa) previously determined by SDS-PAGE (1). As with other flagellins, no potential signal peptide-coding sequences were found. A potential transcriptional terminator was located and is shown in Fig. 2 , downstream of the predicted translational stop codon. In keeping with the strong G+C base preference of other Bordetella genes (66) , the predicted protein-coding region exhibits a G+C nucleotide composition of 64%, while the flanking DNA is 66% G+C.
The predicted amino acid sequence of the B. bronchiseptica flagellin is remarkably similar to those of E. coli and S. typhimurium. Overall, FlaA displayed 74% amino acid similarity to S. typhimunium FliC, with 60.6% amino acid identity when compared by using BESTFIT (15 showed 70% similarity to FlaA, with 55.7% amino acid identity. A comparison of S. typhimurium and E. coli FliC proteins indicated 67.8% similarity and 57.2% identity. Therefore, the flagellin protein of S. typhimunium displays greater similarity to B. bronchiseptica FlaA than to E. coli FliC. As observed previously with other flagellins (28, 40) , amino acids positioned at the amino and carboxyl termini of the protein are highly conserved, while the amino acid sequence diverges in the central region. The amino-terminal 95 amino acids and carboxy-terminal 46 amino acids of the GP1SN and S. typhimunium flagellins showed 92 and 93% identity, respectively. fla4 encodes flagellin and is required for motility. Our previous results demonstrated that two flagellin types, distinguished by apparent molecular mass (35 versus 40 kDa), are produced by diverse clinical isolates of B. bronchiseptica, with only one form detectable in any particular strain (1) . S. typhimurium alternates between expression of two flagellins (19, 69) , the products offliC andfljB, both of which encode proteins similar to FlaA. To determine if the cloned flaA gene is required for B. bronchiseptica motility and to investigate the possibility that this organism expresses more than one flagellin gene, we constructed flaA mutant strains by insertional mutagenesis.
A DNA fragment internal to the deduced protein-coding region of flaA was used to create pBA67, a Gmr suicide plasmid predicted to disrupt the flagellin gene by homologous recombination leading to cointegrate formation. pBA67 was introduced into GP1SN and BB7865 from an E. coli donor. The genomic structure at the flaA locus of insertion mutants and subsequently complemented strains was determined by Southern blot analysis and was found to be consistent with a single chromosomal insertion as shown in Fig. 3A .
Cointegrate strains GP1SND and BB7865D were nonmotile in soft-agar motility assays (Fig. 3C ). These strains also failed to produce detectable levels of flagellin protein isolated from cell surfaces (Fig. 3B ). Even with prolonged incubation in the presence of gentamicin, motile revertants were not observed, whereas motile revertants that had resolved the pBA67 cointegrate were readily obtained in the absence of antibiotic selection. This result indicates that B. bronchiseptica, in contrast to S. typhimunium, does not contain another flagellin gene that can function in our flaA mutants under conditions that select for motility. Motility was restored by introducing pBA250 (Fig. 1) into GP1SND or BB7865D, whereas the vector plasmid pRK290 had no effect (Fig. 3C ). pBA250 is a pRK290 derivative containing theflaA open reading frame, 900 bp of DNA upstream of the predicted translation start codon, and 50 bp downstream of the predicted termination codon. The swarm rate of the complemented strain shown in Fig. 3C is less than that of the wild type. This effect results from slower growth due to the presence of tetracycline, which was present during the assay to maintain the plasmid. These results show that flaA is required for motility and that the complete flaA gene is present on pBA250, which is capable of restoring motility to flaA mutants. with monoclonal antibody 15D8. Lanes: 1, GP1SN; 2, GP1SND; 3, GPlSND/pBA250; 4, GPlSND/pRK290; 5, BB7865; 6, BB7865D; 7, BB7865D/pBA250; 8, BB7865D/pRK290. Molecular masses (kilodaltons) are indicated on the right. (C) Motility assays: la, GP1SN; 2a, GP1SND; 3a, GPlSND/pBA250; 4a, GPlSND/pRK290; lb, BB7865; 2b, BB7865D; 3b, BB7865D/pBA250; 4b, BB7865D/pRK290. All assays were in the presence of nicotinic acid. Preparations in 2a and 2b contain gentamicin to select for the cointegrate; those in 3a, 3b, 4a, and 4b contain gentamicin and tetracycline to select for both the cointegrate and either pBA250 or pRK290.
FlaA, or a precursor which is cleaved to yield FlaA. As noted above, the amino acid sequence predicted from the flaA DNA sequence corresponds exactly to the previously determined N-terminal sequence of the major 40-kDa polypeptide. Several minor products which react with 15D8 migrate faster than the 40-kDa band in the SDS-PAGE gel. The sizes, expression patterns, and antibody reactivities of these species suggest that they are degradation products of FlaA. To further demonstrate the protein-coding capacity of flaA, we exploited the size difference between the flagellins of strains GP1SN (40 kDa) and BB7865 (35 kDa). Flagella were isolated from BB7865D/pBA250. pBA250 conferred expression of the 40-kDa flagellin characteristic of GP1SN, while the vector alone had no effect. This result directly demonstrated that pBA250 encodes a 40-kDa flagellin protein and that the 40-kDa flagellin can substitute for the 35-kDa species expressed by BB7865.
Bordeteila pertussis, Bordetella avium, and BordeteUa paraperussis containflaA4-hybridizing sequences. Members of the Bordetella genus show a high degree of genetic similarity, yet they express species-specific as well as common phenotypes regulated by BvgAS. As shown in Fig. 4 , a probe internal to flaA hybridized under high stringency to EcoRIdigested genomic DNA from each of the four recognized Bordetella species. A 14-kb fragment from B. bronchiseptica GP1SN and BB7865 hybridized to the probe as expected. The probe also hybridized to a 5.5-kb fragment from B. avium, a species which expresses motility and produces a flagellin that differs in estimated molecular weight from the two types found in B. bronchiseptica strains (1) . In contrast, B. pertussis and B. parapertussis, which do not exhibit motility under any laboratory condition tested, contain either a 12or a 14-kb DNA fragment which hybridized to the flaA probe. Furthermore, B. pertussis BP370 does not produce detectable levels offlaA mRNA when tested by Northern hybridization with the flaA-specific probe or by primer extension (42) . These results suggest that the genomes of B. (Fig. 1 ). pBA1O and derivative pBA61 complemented E. coli YK4146 containing a nonrevertible mutation in the flagellin gene, fliC. This complementation, however, was inefficient, producing a swarm phenotype recognizable after 18 h as opposed to approximately 6 h for the wild-type strain. In addition, swarming was qualitatively different, leading to "bushy swarms" similar to those described by Komeda and lino for E. ccli hook-associated protein mutants (33) . It is likely that this unusual motility in YK4146 complemented with pBA1O is caused by a defect in assembly of heterologous flagellar components (see below). pBA63 contains a deletion predicted to create a nonsense mutation in the coding region of flaA and does not complement fliC. Truncation or deletion of flaA also abrogated fliC complementation (pBA64 and pBA66, respectively).
In E. coli the fliA gene, encoding e, is required for expression of late genes in the flagellar regulon (14) and is closely linked to the fiagellin locus. The cloned 14-kb DNA region containing faA, however, failed to complement motility in a fliA4 mutant of E. ccli (Fig. 1) . The possibility remains, however, that B. bronchiseptica contains a fliA analog that is unlinked to faA or is not functional in E. ccli. Surprisingly, sequences adjacent to flaA efficiently complemented flhC and fihD mutations in E. ccli (Fig. 1 ). flhDC constitutes a master regulatory locus which is required for expression of the entire fiagellar regulon in E. ccli (5) . pBA1O derivatives were used to map the flhDC-complementing region, which we designate fri (flagellin regulatory locus). pBA66 represents the smallest clone containing fri. It is likely that fri plays a key role in BvgAS-mediated regulation of B. brcnchiseptica motility.
Although pBA2SO contains sequences sufficient for complementation of flaA mutations in B. bronchiseptica, it was not sufficient for fliG complementation in E. ccii (Fig. 1 ).
This result was unexpected, and we hypothesized that the lack of complemnentation could be due a requirement for one or more genes in addition toflaA that either play a structural role in assembling the fiagellar filament or are required for flaA expression in E. coli YK4146. To differentiate between these possibilities, the flaA structural gene was inserted downstream from an IPTG (isopropyl-p-D-thiogalactopyranoside)-inducible Ptrc promoter to create pJM655. pJM655 weakly complemented the fliC mutation in the absence of IPTG, and addition of IPTG greatly increased the motility phenotype. Although the extent and kinetics of swarming in the pJM655-complemented mutant were similar to those of the wild type, the bushy swarm phenotype was still observed. The vector pTRC99A, and pJM656 containing flaA in the orientation opposite to that of pJM655, did not complement the fliC mutation. These results indicate that expression of flaA alone is sufficient for fliC complementation and that the inability of pBA250 to induce swarming in fliC mutants results from insufficient flaA expression. The addition of pBA64 or pBA66 to fliC mutants containing pBA250 restored complementation of the motility defect.
Both of these plasmids contain fri, and it is therefore likely that the product(s) of this locus acts in trans to increase flagellin production by pBA250 (see below). Transcriptional control of faA by bvgAS. To begin an analysis of the mechanism of negative control of motility, we analyzed transcription of the flaA gene. A 260-bp PstI fragment internal to the coding region of flaA ( Fig. 1 ) was hybridized to total cellular RNA isolated from GP1SN and a Bvg-derivative, DM107, in which the bvgAS locus is deleted. A 1.4-kb RNA species was detected in DM107 but not in GP1SN grown under conditions permissive for Bvg activity (Fig. 5A) . The distance between the start site and the potential transcriptional terminator, located from nucleotide positions 1227 to 1260, predicts a monocistronic mRNA molecule approximately 1.36 kb in length, in agreement with the Northern blot data.
The role of bvgAS in the transcriptional regulation of flaA was confirmed by primer extension (Fig. SB and C) . Total cellular RNA from B. bronchiseptica was reverse transcribed from kinase end-labeled primers complementary to the 5' end of either flaA or bvgA. B. bronchiseptica strains were grown to mid-log phase in broth cultures in the presence or absence of environmental signals that modulate BvgAS activity. The flaA primer yielded a single extension product in RNA samples from GP1SN grown in the presence of nicotinic acid or MgSO4. The same product was detected in the bvg deletion mutant DM107 grown at 370C without the addition of modulators. No product was detected with RNA from GP1SN grown in the absence of modulating signals or with strain DM106 grown in the presence of nicotinic acid.
DM106 contains the bvgS-C3 allele, which encodes a constitutively active BvgS protein that is not inactivated by modulators (43) . These results indicate that flaA is negatively regulated by bvg at the transcriptional level.
As a control for RNA preparation and to verify the phase (Bvg' or Bvg-) of the B. bronchiseptica cultures used for Fig. SB , primer extension reactions were performed with a primer hybridizing to the 5' end of the bvgAS operon (Fig.  SC) . bvgAS transcription is autoregulated in Bordetella spp. by a mechanism involving a switch between two distinct promoters (57, 60) . In the presence of modulating signals, the bvgP2 promoter is active. Conditions which are permissive for activation of bvg-dependent genes induce the bvgPl promoter and repress bvgP2. As shown in Fig. SC , the transcript corresponding to the P1 promoter is expressed in GP1SN grown in SSM at 370C, and the P2 extension product is not detected. In the presence of Bvg-modulating signals, the P2 promoter is expressed, while P1 is not detected. The bvgS-C3 strain, DM106, expresses the P1 transcript, and not P2, even in the presence of modulating conditions. The positions of the bvg-specific extension products agree with analyses of these promoters in B. pertussis (57, 60) and B. parapertussis (61) . Figure SC, lane 4 , serves as a control for nonspecific products, since DM107 does not contain the DNA region containing bvg. An additional band (running above the P2 extension product) was present in all lanes, indicating that it represents an artifact unrelated to bvgAS regulation. Results with the bvg-specific primer extend the observation of bvg autoregulation to B. bronchiseptica. Together, the flaA and bvg results demonstrate that flaA transcription is coordinately regulated with the state of bvg expression.
The start site of flaA transcription maps to a sequence closely resembling the consensus recognition site for the alternative sigma factor, I, encoded by the fli4 genes of E. coli and S. typhimurium (Fig. SD) (14, 52) . The position of the flaA start site at nucleotide -102 relative to the translational start codon was confirmed by primer extension with two additional primers complementary to sequences upstream and downstream of the site recognized by BAO3. The primer upstream of the putative start site, BAO5, did not detect a transcript. The downstream primer, BAO10, yielded a product corresponding to the same start site observed with BAO3 (data not shown). The presence of a putative o-F consensus site near the transcriptional start site suggests that transcription of theflaA gene may require a FliA analog in B. bronchiseptica.
Role offli4 andfrl in the transcriptional activation offlaA. To analyze the requirements for transcriptional activation of the flaA gene, we exploited the functional homology between elements of the motility regulons of B. bronchiseptica and E. coli. AflaA-lacZ fusion was constructed and crossed onto XRS45. The fusion immediately follows the flaA ATG and includes no other protein-coding sequences offlaA. The resulting recombinant phage, XflaA-Z, was used to produce chromosomal transcriptional reporter fusions in the isogenic wild-type andfliA E. coli backgrounds, YK410 and YK4104, respectively. Only background levels of P-galactosidase were detected in strains containing the fusions alone, suggesting that additional Bordetella factors may be required for flaA expression in E. coli. The XflaA-Z lysogens were transformed with either the vector control pBRX1 or pBA66, which contains the fri locus, and expression of the fusions was measured in P-galactosidase assays. As in the initial lysogens, strains containing pBRX1 without Bordetella sequences expressed only low levels of 3-galactosidase activity (12.3 + 0.8 and 9.7 ± 4.2 U for YK410 and YK4104 lysogens, respectively). In the wild-type strain containing the fusion (YK410/XflaA-Z), pBA66 induced an approximately fivefold increase in P-galactosidase expression (59.6 ± 6.6 U) compared with the same strain transformed with pBRX1. The increasedflaA-lacZ expression resulted in blue colonies on agar containing X-Gal. pBA66 did not potentiate this induction in the fliA mutant, in which expression remained at a background level (10.5 ± 5.6 U). Consistent with complementation results, these data suggest that both thefrl locus from B. bronchiseptica and the fliA gene from E. coli are required for expression of flaA in E. coli. Therefore, frl and flhDC differ in their abilities to activate flaA, although both are capable of activating E. coli fliC.
DISCUSSION
The role of the Bordetella bvgAS locus in the positive control of virulence factor expression has been recognized for a decade (41, 72, 73) . More recent studies have highlighted the biphasic nature of the virulence regulon, and the identification of Bvg-repressed loci suggests that the regulatory program controlling infection may be quite complex (1, 30 ). An investigation of the B. bronchiseptica motility regulon was initiated to study the mechanism of negative regulation by BvgAS. The flagellin gene (flaA) from strain GP1SN was cloned and sequenced, and both its functional role and its transcriptional regulation were characterized in B. bronchiseptica and E. coli.
The predicted N-terminal amino acid sequence offlaA is in exact agreement with previous results obtained by directly sequencing the 40-kDa GP1SN flagellin protein. Comparisons between FlaA and the FliC proteins of S. typhimurium and E. coli showed high levels of amino acid identity, especially at the amino and carboxyl termini. Surprisingly, the amino acid similarity between the flagellins of B. bronchiseptica and S. typhimurium is greater than the similarity between E. coli and S. typhimurium FliC proteins. The striking correspondence between the B. bronchiseptica flagellin and the fliC products of S. typhimurium and E. coli suggested that additional features of the motility systems of these organisms may also be conserved.
The chromosomal flaA gene was insertionally inactivated to examine the function and coding capacity of the cloned sequence and to determine whether the observed molecular weight difference between the flagellins of BB7865 and GP1SN is caused by flagellar phase variation or allelic heterogeneity. Both the GP1SN and the BB7865 flaA loci were disrupted by recombination with a homologous internal fragment cloned into a suicide vector, creating the cointegrate strains GP1SND and BB7865D. Both cointegrate strains were nonmotile, and no surface-associated flagellin was detectable. Complementation of the motility defects in the mutant strains by using a plasmid containing the flaA open reading frame indicated that abrogation of motility was not caused by polar effects on downstream genes. Introduction of the plasmid containing flaA into BB7865D, whose parent strain expressed the 35-kDa flagellin, restored motility, and the complemented strain produced the 40-kDa flaA gene product characteristic of GP1SN. This demonstrated both the coding capacity of the GP1SN flaA gene and the ability of the 40-kDa flagellin to substitute for the 35-kDa form. Motile revertants of GP1SND did not arise under conditions which selected for motility as well as maintenance of the cointegrate, although motile derivatives that had resolved the cointegrate were readily obtained in the absence of antibiotic selection. These results are consistent with the lack of additional flagellin genes observed by Southern hybridization of genomic DNA. We found no evidence for flagellar phase variation in B. bronchiseptica, and it is likely that flaA represents the sole flagellin gene encoded by this species.
We measured flaA mRNA production to determine if BvgAS controls flagellin synthesis at the transcriptional level. A flaA-specific probe detected a 1.4-kb transcript in total RNA from Bvgphase cells that was absent in RNA from Bvg' cells. Primer extension experiments demonstrated a single initiation site 102 bp upstream of the flaA coding sequence. Interestingly, this start site is 7 bp downstream from a sequence resembling the consensus for an alternative sigma factor, o-. Modulation by environmental signals or deletion of the bvgAS operon led to transcription from the flaA promoter, and a mutant with a gene encoding the constitutively active BvgS-C3 protein did not express the flaA transcript despite the presence of modulating signals. The flaA promoter exhibited coordinate regulation with bvg promoters analyzed in the same RNA samples. The flaA promoter was coinduced with bvgP2 and inversely regulated with bvgPl. We conclude that flaA is controlled at the level of transcription by a mechanism that involves negative regulation by Bvg. The exact position in the flagellar regulon at which Bvg exerts direct control remains to be determined. Beattie et al. (8, 9) have presented evidence that vig regulation in B. pertussis may involve a mechanism acting after transcriptional initiation. In contrast, transcriptional control represents the primary mechanism regulating flagellin expression in B. bronchiseptica and in previously observed pathways of flagellar morphogenesis in other bacteria.
Our analysis of flaA expression in B. bronchiseptica and E. coli suggests a model for Bvg-mediated negative control of motility ( Fig. 6 ). Flagellar synthesis in E. coli proceeds as a cascade of transcriptional control events leading to the ordered expression of numerous structural genes (40) . Glucose starvation leads to increased production of cAMP, which functions as a coactivator with cAMP receptor protein to promote expression of the flhDC locus (34, 62) . flhD and flhC are early genes of the flagellar hierarchy that encode products required for transcription of middle and late genes (5, 7, 35) . fliA is a middle gene that encodes the alternative sigma factor oF, which is required for transcription of late gene promoters, including the promoter for flagellin (fliC) (6, 52) . We have detected a locus in B. bronchiseptica, designated fri, which is genomically linked to flaA. fri efficiently complemented mutations in the flhDC loci of E. coli and was required in trans to flaA for complementation of motility in an E. coli fliC mutant. Expression of a chromosomal flaA-lacZ transcriptional fusion in E. coli required bothfrl and the E. coli fliA gene in trans. These results, in addition to the observation that the flaA transcriptional start site maps to a consensus recognition sequence for crF, suggest that transcription from the flaA promoter requires the fliA gene product and one or more products of the fri locus. complemented aflhD orflhC defect in E. coli, the functional flhDC locus in wild-type E. coli appeared to be insufficient for flaA transcriptional activation. In the presence of fil, however, wild-type E. coli transcribed the flaA promoter. Consistent with this finding, functional complementation of an E. coli flagellin mutant byflaA required thefl locus. It is possible that the E. coli fliA gene product inefficiently interacts with the flaA promoter and that the frl locus catalyzes this interaction by increasing the expression levels offliA. Alternatively, gene products offrl may act in concert with FliA to directly activate transcription from the flaA promoter. The mechanism of frI-mediated activation offlaA and the number of fil-encoded proteins which are responsible for the complementation activities that we detect remain to be determined. The construction of nonpolar mutations in firl will provide a means to address these questions. We propose a model in which Bvg coordinately regulates flagellar genes through negative control of positive regulators such asfrl and a Bordetella analog offliA. Since genetic and biochemical data provide evidence that negative regulation of the bvgP2 promoter involves a direct interaction between bvgP2 and BvgA (55), it is possible that BvgA also binds and directly represses one or more promoters in the flagellar hierarchy. Inspection of the flaA regulatory region did not identify sequences resembling the BvgA-binding sites located upstream from the fhaB and bvgA genes, and studies in E. coli failed to detect direct repression offlaA by BvgAS (42) . The scheme shown in Fig. 6 makes several testable predictions. A fliA analog should be present in B. bronchiseptica, and its inactivation, as well as inactivation of fir, should eliminate flaA expression. In addition, fri ,fliA, or both should be subject to negative regulation at the transcriptional or posttranscriptional level by BvgAS. It is likely that a large number of motility-associated structural genes are coregulated with flaA. It is also possible that regulatory factors initially identified as controlling flagellin expression could regulate vrg loci that are required for phenotypes other than motility.
The interaction of the virulence control system of B. bronchiseptica with the flagellar hierarchy suggests a possible relationship between virulence and motility. Numerous studies have addressed the role of motility in bacterial pathogenesis. A requirement for motility has been implicated for infection and/or disease production by Campylobacterjejuni (71), Vibrio cholerae (54) , and Salmonella typhi (38) , each of which inhabits mucosal surfaces during infection. An enigmatic observation is that B. bronchiseptica is motile whereas B. pertussis is not. These are highly related organisms that colonize analogous sites in their mammalian hosts, share a number of BvgAS-regulated factors, and contain nearly identical bvgAS loci. Since motility is a complex and energetically costly phenotype, it is unlikely to be maintained if it does not confer a significant selective advantage. An interesting finding of this study is that B. pertussis chromosomal DNA hybridized to a flaA-specific probe under conditions of high stringency. The B. pertussis strain examined does not express detectable flaA mRNA, suggesting that it contains an inactive flaA gene. Similarly, B. bronchiseptica contains an inactive pertussis toxin allele (4) . It is therefore tempting to speculate that the absence of motility in B. pertussis may reflect a difference in the pathogenesis or life cycles of the two species. Alternatively, B. pertussis may express adaptations that replace motility in response to the same conditions that necessitate motility in B. bronchiseptica. We are currently examining the functional role of motility during respiratory infection by B. bronchiseptica and assessing the extent to which the flagellar regulatory elements identified in B. bronchiseptica are involved in negative regulation of BvgAS-controlled genes in B. pertussis.
